Computed tomography (CT) is a non-destructive X-ray imaging method, which allows to visualize three-dimensional X-ray absorption properties of an object. In this lab course you will learn the basics about X-ray imaging and computed tomography using a simple CT setup. Next to theoretical and experimental basics of X-ray imaging and radiography, you will get an idea how CT reconstruction using filtered backprojection (FBP) works and how typical reconstruction artifacts look like. You may also bring along your own sample to be scanned (max. 4 cm in diameter and max. 3 cm in height, nonmetallic). You do not need to print this manual since a printout is available at the experimental setup. 
Introduction
Computed tomography (CT) is a non-destructive X-ray imaging technique mainly known from medical diagnostics, but also widely used in life science, non-destructive testing, and material science. Tomography in our case means cutting virtually through a sample. For the experimental realization of CT, we need an X-ray source, an X-ray detector, and a rotation stage for the object. First, we measure a set of projections at different angles forming a so-called sinogram. One can do this by either rotating the sample around an axis perpendicular to the X-ray beam or by rotating the setup (detector and source) around the sample as in clinical CT gantry systems. Since a successful reconstruction of the object is not directly accessible, one has to apply a reconstruction algorithm to get the three-dimensional distribution of the object attenuation.
This lab course
In this lab course, you will first get acquainted with the experimental setup, X-ray generation and interactions, and take first radiographic projections. After this, you will perform one complete CT scan of a freely chosen sample. That means you can also bring along a suitable sample of your own, that is preferably non-metallic, has a mixture of different materials, and is maximum about 4 cm in diameter and maximum 3 cm in height large. After an explanation of the filtered backprojection algorithmthe reconstruction algorithm used here -we will try first reconstruction attempts with different reconstruction filters and investigate occurring artifacts. The last part of the lab course will cover the reconstruction of a phantom to analyze beam hardening and noise. The main experimental control as well as the data reconstruction and analysis will be performed with MATLAB. You will find all necessary MATLAB commands in the program window. The theory part of this manual will cover only a small part of computed tomography. We can recommend the following references for more insight: Zeng(2010) [1] , Buzug(2008) [2] , Kalender(2005) [3] , or Kak and Slaney (1999) [4] , which is also available online [5] .
What you need
You should read the manual before the experiment, especially the safety instructions. Don't forget to bring your own sample, you can also take some radiographies of several test samples. For your tomographic data, you need a large storage device (e.g. a USB stick with around 5 − 10 GB).
Theory
X-rays are electromagnetic waves in the range of usually keV and MeV corresponding to wavelengths from 1 pm to 1 nm, however the overlap to ultraviolet radiation on the lower energy limit of X-rays and gamma radiation on the higher energy side is continuous.
X-ray interaction
When X-rays interact with matter, you can measure macroscopically the attenuation of the initial intensity. This process can be described by Lambert-Beer's law. The primary atomic interactions contributing to this macroscopic attenuation are photoelectric absorption, elastic (Rayleigh) and inelastic scattering (Compton scattering), and pair production. In the case of medical imaging with X-ray energies ranging between 20 -120 keV, the photoelectric effect as well as Compton scattering are the dominating interactions forming the total interaction cross section σ total . The photoelectric effect cross-section is strongly dependent on the beam energy E and the atomic number Z:
while the Compton effect depends only slightly on the energy and the atomic number:
The mass attenuation coefficient is composed by the different cross sections as:
with ρ being the mass density, A being the atomic number, and N A being Avogadro's constant. An exemplary mass-attenuation plot illustrating the respective dependencies for iodine -a clinically important contrast agent -can be found in Fig. 1 .
X-ray imaging and Lambert-Beer's law
In the most simple case assuming a monoenergetic beam and a homogeneous sample of thickness d, Lambert-Beer's law can be expressed as
with µ being the linear attenuation coefficient, I(d) being the measured intensity in distance d behind the initial intensity I(0). For inhomogeneous samples, Eq. (4) changes to
with s being the beam direction. Considering a polychromatic spectrum like in the case of this laboratory X-ray tubes, Lambert-Beer's law can be formulated as where E is the energy. However, as we do not have access to spectral information, we have to neglect the spectral component in Eq. (6) . The integral in the exponential in Eqs. (5) and (6) is also known as line integral p(d):
using the energy independent attenuation coefficient. This equation represents the projection image, which is proportional to the integrated attenuation coefficient of a sample from a certain beam direction. The issue here is that one does not know anything about the spatial distribution and size of the attenuation coefficient in beam direction. For example, a certain integral value could originate from a low attenuation coefficient of a large sample or a high value of a short sample.
Computed tomography
With computed tomography, we can resolve the spatial distribution of the sample attenuation. For that we need a set of projections -the line integrals -of the sample taken from different directions. Using a computer-based reconstruction, we can reconstruct our set of line integrals to get our tomographic data. In principle, there are several algorithms to access the data. Next to iterative reconstruction algorithms one uses filtered backprojection (FBP), which is an analytic, fast, and robust method. In general, we are dealing with a three-dimensional reconstruction problem to solve, but for the purpose of illustration, we assume a two-dimensional object function f (x, y) being the distribution of our attenuation coefficient µ(x, y).
FBP reconstruction recipe
For our FBP reconstruction, we will discuss three essential steps: the Radon transform relating the desired object function f (x, y) with the experimental set of projections, the Fourier slice theorem relating the one-dimensional Fourier transform of the projection with the two-dimensional Fourier transform of f (x, y), and the filtered backprojection (FBP) correcting for data blur.
Radon transform
Let's start with our reconstruction algorithm for our function f (x, y). First, we take a projection of the object under a certain projection angle θ. The projection of a twodimensional function for 360
• is described by the Radon transform R. For one angle θ (see Fig.2 ), the projection can be related to the object function as:
where δ is the delta distribution and the polar coordinates are defined as r = x cos(θ) − y sin(θ) and s = x sin θ + y cos θ (see Fig.2 ). The projection is determined in our case for X-rays according to Eq. (7). The whole set of measured projections for different angles θ is called sinogram. Our goal is to determine the object function f (x, y), i.e. inverting the Radon function. This is the reason why tomographic reconstruction is often also called inverse Radon transform. However, the direct inversion, the so-called simple backprojection turns out to blur the reconstructed data due to the behavior of the delta distribution (see Eq. 10).
Another view to this issue is illustrated in the frequency representation after twodimensional Fourier transform in Fig. 3 , where the sampling is higher in the center at low frequencies than for higher frequencies in the outer region. There, the distance between two points increases with higher frequencies. For all frequencies to be equally represented, the distance between all sampling points should be the same. In order to correct this, one could multiply the data with a high pass ramp filter, i.e. a linear ramp correcting the differences in frequency weighting. In real space, this corresponds to a deconvolution of the data. A direct two-dimensional deconvolution is hardly feasible -the realization is too slow or inaccurate. Since a deconvolution is a multiplication in frequency space, the use of Fourier transform is obvious: two-dimensional Fourier transform, multiplication with the two-dimensional kernel correcting for the blur, and subsequently two-dimensional inverse Fourier transform. The problem here is that even small interpolation errors have strong influence on the data and the realization is again quite slow. The solution for being fast, not interpolating in frequency space, and filtering efficiently is the filtered backprojection (FBP). The idea is to calculate the one-dimensional Fourier transform of a line integral, multiply with a filter function correcting for the blur, calculate the one-dimensional inverse Fourier transform, and perform the backprojection. For the validity of this approach, one needs the Fourier slice theorem.
Fourier slice theorem
The Fourier slices theorem or central slice theorem states that a one-dimensional Fourier transform of a projection p(θ, r) equals a slice of the two-dimensional Fourier transform of the object f (x, y) under the same angle. The one-dimensional Fourier transform of the projection is then:
Eq. (10)= +∞
with F (u, v) being the two-dimensional Fourier transform of f (x, y) and u = ω cos θ and v = −ω sin θ being the Cartesian Fourier frequencies. The Fourier slice theorem legitimates us to calculate the respective one-dimensional Fourier transforms of the line integrals, instead of the problematic two-dimensional transformations.
Filtered backprojection
The filtered backprojection (FBP) is now the inverse process from the experimentally determined projections p(θ, r) to the object function f (x, y) with the use of the Fourier slice theorem. The object function can be expressed as an inverse Fourier transform:
where dudv = ωdωdθ is the Jacobian determinant resulting from coordinate transform from Cartesian to polar coordinates. Fig. 3 : Radial frequency distribution. The experimental data is measured in polar coordinates leading to higher sampling of lower frequencies in the center and more sparse sampling with increased frequencies.
Using the symmetry of the object Fourier transform with respect to the radial frequency
Filter functions
The factor |ω| in Eq. (22) is called ramp or Ram-Lak filter 1 and corrects low frequency blur of the data (see Fig.3 ). There exist however different modifications of this filter accounting for CT typical characteristics like noise and spatial resolution like the Cosine, Hamming, Hann, or Shepp-Logan filter as can be seen in Fig. 4 (B) . A roll-off towards higher frequencies enables a reduction of noise at the cost of spatial resolution. The filter function as shown representatively in Fig. 4 can be expressed as:
where the the factor b(ω) differs according to the following filter functions: The Ram-Lak filter is the standard ramp filter originating from coordinate transformation. The other filters have an increasing roll-off towards higher frequencies for noise suppression. The downside is a reduction of spatial resolution.
Beam geometry and effective pixel size
In this lab course, we will assume parallel beam geometry. The extension to three dimensions is then straight forward in this geometry. When dealing with fan or cone beam geometry, the FBP reconstruction algorithm becomes more complicated [1] . The effective pixel size -the voxel size of the reconstructed data -depends in general on the geometric magnification of the sample and the detector pixel size. Keep in mind that the effective pixel size is not the spatial resolution as blur of each imaging component deteriorates the resolution.
Artifacts and sampling
Several reconstruction artifacts can occur in CT reconstruction. When dealing with a polychromatic spectrum, beam hardening can lead to deviations from the attenuation coefficient. Further examples are misaligned center of rotation, motion artifacts, and partial volume effects. Moreover, undersampling could deteriorate the image quality, next to metal artifacts known as beam starvation [6] . According to the Nyquist sampling criterion, the minimum number of projections N for a tomographic reconstruction with FBP is given by N ≥ π 2 × n pixels , where n pixels is the width of the object in pixels.
Experimental setup
The experimental setup consists of an X-ray tube, an X-ray detector, and a rotation stage. In contrast to clinical CT, the sample is rotated instead of a gantry system. The complete setup is contained in a shielding hutch for radiation protection. A workstation allows to control all components of the experiment. The hutch surrounding the experimental setup is made of aluminum/lead sandwich boards, which ensure that no X-rays exit the hutch. When the doors are closed they close an electric interlock circuit that -when open -prevents the generation of X-rays (see Fig. 5 ). As soon as the interlock is closed, a red light on top of the hutch indicates that X-rays can be generated. Do not touch any one of the two interlock switches at any time during your experiments and make sure the red security light is always off, when the hutch is open. Otherwise, please close the doors of the hutch, switch the X-rays off at the computer and call your tutor for assistance.
Hutch and interlock

Tube
X-rays can be generated in a laboratory environment with X-rays. There are transmission and reflection target tubes with small focal spots but low flux, rotating anode systems with higher flux but larger focal spot size, and liquid metal jet sources with high flux, but a narrow spectrum. Additionally, X-rays can be generated at synchrotron facilities like the ESRF or PETRA III at DESY. Those sources provide high brilliant X-rays, but are extremely costly and large. Here at the TUM campus in Garching, there is also the Munich Compact Light Source, which is a laboratory synchrotron filling the gap between rotating anodes and synchrotron sources. In the lab course, we use a MCBM 65B-50 W reflection tube by rtw (RÖNTGEN-TECHNIK DR. WARRIKHOFF). It has the following specifications: 
Rotation stage
The rotation stage is a Newport CONEX-PR50CC. It consists of a DC servo motor connected to a rotating axis and has a resolution of 0.01 • 2 . On top of the rotation plate, a goniometer head is mounted to allow for fine-tuning of the sample orientation and position.
Detector
The X-ray detector is a RadIcon Shad-o-Box 2048, which is a flat panel detector based on a scintillator and a photodiode array. It has the following specifications: The detector is an integrating detector and suffers from readout noise -also known as dark-current -which has to be considered in our line integral (see Eq. (7)).
Computer control system
The computer controls both the X-ray tube parameters in one program and the sample rotation, image recording etc. in a MATLAB session.
X-ray control
If not already open, the X-ray control software can be started by via QTCreator. The main window is shown in Fig. 6 . To switch the X-rays on or off press the buttons labeled The checkbox on top always shows the current status of X-ray generation.
Imaging control
The measurements and the data recording are controlled from MATLAB, which you can run by clicking on the desktop icon or on the identical icon in the quick launch bar. Change the current directory to C:\MATLAB_scripts in order to get access to the control and processing scripts, if this folder is not already selected (it usually is). The following table lists all commands you may want to use prior to and for recording tomographic data sets. Their parameters are listed and explained as well.
Command Explanation live_view(exposure_time);
Turns on a live view of the detector image with the given exposure time in seconds and a histogram of counts vs. intensity bins. This function will continuously update the displayed image until you hit CTRL + C. data = expose(exposure_time);
Take a detector image and store it in data. Exposure time has to be given in seconds. move_rotation_stage(angle, wait); Moves the rotation axis to the given position in degrees. If wait is set to 1 the function only returns after the position is reached. Otherwise it returns instantly. tomography_scan(path, scan_name, angles, exposure_time, dark, flat, start_at);
Perform a tomographic scan. The data is stored as PNG files under path (e.g. 'C:\scans\') with names beginning with scan_name (e.g. 'myscan'). The scan is carried out for rotation angles specified by the array angles in degrees. The exposure time is given in seconds in exposure_time. dark and flat are the dark-field and flat-field images recorded beforehand. Here, again, angles is an array specifying the angles for which the scan was performed. The parameter start_at is optional. It can be used to restart a tomography scan at a certain image specified by its index. sinogram = read_sinogram_slice( path, scan_name, angles, slice);
Reads a complete sinogram of the given slice out of the given scan. binned = rebin(data, dim, factor); Rebinning of data along dimension with index dim by the specified factor. You have to ensure that the size along the specified dimension is divisible by the factor.
To run a command just type it in the command line window of MATLAB and fill in the correct values for each parameter.
Reconstruction software
MATLAB provides a built-in function to perform a tomographic reconstruction: (iradon). It uses the filtered backprojection algorithm (FBP) to invert the Radon transform: I = iradon(P, theta, interp, filter, frequency_scaling, output_size);
This iradon command reconstructs a two-dimensional slice of the sample from the corresponding sinogram P. Don't forget that you want to reconstruct the attenuation coefficient (Lambert-Beer law), so you have to include the negative logarithm of your sinogram. The angles, for which the sinogram data is available, can be given in the parameter theta in the form of an array. The filter can be 'Ram-Lak', 'None', 'SheppLogan','Cosine' 'Hamming', or 'Hann'. The interp parameter allows to choose the type of interpolation, which is applied during backprojection. It can take the following values: 'nearest', 'linear', 'spline', 'pchip', 'cubic', and 'v5cubic'. You should set frequency_scaling to its default value (1) and specify at least the full width of your sample in pixels in output_size. With the default output size you will otherwise cut off a certain margin from the reconstructed area. For further information, have a look at the MATLAB help file for all details that are not explained in this manual.
Safety instructions
• Keep the doors of the experimental hutch closed at all times X-rays are generated.
The interlock system in general only allows the production of X-rays when the doors are closed. A red light on top of the hutch indicates that the production of X-rays is possible. Do not close the two door switches manually. This will close the interlock and X-rays may be produced. In case the red safety light is on and the hutch is open, shut the doors immediately, switch the tube off at the computer and seek assistance.
• The shielding of the hutch contains lead, which is toxic. Wash your hands after the leaving the lab if you have touched the lead. Do not eat or drink etc. inside the lab. Inside the hutch several additional lead parts are mounted to improve the shielding. As lead is very flexible try not to manipulate any of these. Keep additionally attention to the edges of the doors.
• Whenever you want to open the experimental hutch, please switch off the production of X-rays from the software first.
• The X-ray tube has an exit window made of beryllium, which is poisonous. Do not try to manipulate or touch this exit window and do not inhale beryllium dust or fumes.
• The setup has an emergency stop which is the switch of the multiple socket below the hutch. Switch it off (from I to 0) to stop the power of the tube, detector and rotation stage. Additionally, there is a red emergency switch next to the lab door, cutting all electricity and thus radiation in the lab.
Assignments during the lab course
Before everything else
Make yourself familiar with the safety instructions (see Sec. 4) and the setup components and controls. Ask your tutor whenever there are uncertainties or questions of any kind. Please create a folder for all your files (projections, line plots, reconstructions) under C:/scans/DATE_group_YOUR_GROUP_NUMBER/. The date style is YYYY-MM-DD. The projections and reconstructions of your tomographic scan should be saved in a subfolder.
Part I -Radiography
The first part of this lab course focuses on the experimental setup leading to projections (two-dimensional detector images). First, use the live_view (1) Now put your sample of choice into the beam and check again the live view image in dependency of voltage and current. Assess the signal intensity and the image contrast, and -if you are not happy with your sample -choose another one. Agree to one configuration and stop the live_view(1) function with Ctrl + c. Record a dark and a flat image which will be used to correct for the non-ideal detector in the following. Average these images over 60 seconds exposure time. Then expose a detector image with the sample and X-ray beam on. Have a look at the normalized image and then correct it according to Eq. (7) accounting for the non-energy dependent version of Lambert-Beer's law to get a projection.
Eventually, save the detector raw image with and without the X-ray beam on, i.e. save the flat and the dark image. Also, save the detector image with the sample both normalized and according to Eq. (7).
Part II -Tomography
Start of tomographic scan
Now, since we now how to get one projection, we need multiple projections for a tomographic scan. The function doing this is the tomography_scan function. Next to folder where to save the data, we need the number of projections. Take here a number according to the Nyquist criterion (see Sec. 2.3.5) determined by the width of your sample in pixels. Since the further parameters of the tomography_scan function are intuitive, we can start the tomographic scan. Just pay attention that you have a flat image, a dark image, and the beam is on.
The time until the end of the measurement is a good time for a deeper look into the theory or a break. But do not forget to check the images if they are saved correctly.
Reconstruction using filtered backprojection
After the tomographic scan, load one sinogram of this scan at an interesting height (slice) and have a look at it. What are the sinogram axes? Where is the center of the detector? Where is the rotation axis? Reconstruct one slice through the sample using the default filter with the iradon function. Take into account that the raw sinogram still needs the application of the negative logarithm. What do you observe? Find the position of the axis of rotation and crop the sinogram in such a way, that the axis of rotation is in the middle of the resulting image. Be sure not to crop the sample edges. Use the correctly cropped sinogram and reconstruct the slices again. What has changed?
Reconstruction by simple backprojection
Use the correctly cropped sinogram for the following assignments and reconstruct the sinogram without using a filter, i.e. the 'None' filter. What do you observe? Save the reconstructed slice.
Comparison of different filters
Reconstruct now the same slice with each of the remaining available filters and again save all reconstructed slices. In order to compare the different filters, first take line plots through the sample for the different filters. In order to do so, please 
Metal artifacts
If your sample contains metal parts or highly absorbing components, you should be able to observe also artifacts. Describe what you see -if applicable.
Beam hardening
For the next part, use an already performed tomographic scan of a Falcon tube containing water, which you can find under: C:\scans\water. The number of angles was 1200 and the tube voltage to U = 50 kV. Load the sinogram from a center slice and crop it correctly. Then perform a tomographic reconstruction and plot a line profile through the center of the tube. How does the line plot look like?
Noise
Rebin the sinogram of the water scan along the pixel dimension using the rebin function by several different factors (2, 4, and 8). Reconstruct a single slice of each sinogram and adjust the output_size to preserve a constant size. Plot one line profile through the center of the tube for each binning factor. What do you observe?
Part IV -Full three-dimensional reconstruction of your sample
For the reconstruction of the full sample your tutor, he will reconstruct the data for you on a separate server for fast reconstruction.
Visualization
After your reconstruction of the three-dimensional data set is complete, use one of the following recommended programs like FIJI https://fiji.sc or drishti:
http://anusf.anu.edu.au/Vizlab/drishti/ In drishti, you first need to create a drishti project file for the slices of your reconstruction. This is done with drishti-import by reading in the files and saving them as a drishti project file. Afterwards you can display the complete volume with drishti.
In FIJI, you import your image stack (File-Import-Image sequence) and visualize the rendering with Plugins-Volume Viewer. Modify the appearance of the sample by adjusting window and level as well as with cutting into the sample. Save at least one rendering perspective.
Report and colloquium Report
The lab course report should contain
• a short explanation of the theoretical background,
• an extremely short description of the performed experiments, i.e. the applied voltage and current, number of angles, and sample information,
• one central part containing the presentation and discussion of the results according to the task list, and
• a brief answer to one of the following questions max. 1 page, chosen by your supervisor:
8. Concerning clinical imaging: What are the advantages/disadvantages of clinical CT in comparison to ultra sound or magnetic resonance imaging (MRI)?
Feel free to choose between English or German. Please pay attention that all images have sufficient quality and size. Please do not copy the theoretical and experimental part of this manual. The report should be kept short and concise. It is your responsibility to send the report to your supervisor if you want credits for the lab course.
Colloquium
After you handed in your report, ask your supervisor for a date for a colloquium. There, you will be asked to present the lab course and your main tasks and results. Further, you should definitely be able to explain the theory including filtered backprojection, the Fourier slice theorem, the Radon transform, X-ray generation, and X-ray interaction. After this you will get feedback on your report indicating necessary corrections and revision.
